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A Silica Core-Shell Cylinder Photonic Nanojet
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A tunable photonic nanojet structure is proposed based on a silica core-shell microcylinder with
cylindrical pores. The exact solution of electromagnetic wave scattering from silica core-shell
microcylinder was done using the boundary value problem. The effects of porosity, core diameter,
shell thicknesses, and type of incident light polarization on the main parameters of photonic nanojet
were studied. The results show that with the porosity increasing the photonic nanojet length, focal
length, and full with at half maximum of photonic nanojet are increased. However, energy
enhancement in the focal spot is decreased by increasing porosity. Furthermore, in many structural
conditions, the focal length for TE polarized light is larger or equal to the TM polarization case. The
proper photonic nanojet for particular applications is accessible by tuning the geometrical and
physical parameters of the porous silica core-shell microcylinder.
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Introduction

The photonic nanojet (PNJ) is produced when a dielectric microcylinder or microsphere is
illuminated with light radiation. Redistribution and localized confinement of incident
electromagnetic wave energy on the shadow side of the dielectric object led to the formation of a
PNJ. The energy enhancement and localization properties of photonic nano-jet as well as its narrow
waist and long length have made it a powerful instrument for applications in a wide range of optical
technologies such as two-photon fluorescence enhancement [1], optical nanoparticle detection and
trapping [2-5], high-resolution optical imaging [6], nano-photonic lithography [7,8], Biological cell
trapping [9], and optical tweezers[10,11].

Adjusting the refractive index, size, and shape of the scatterer dielectric is a simple method to
improve PNJ characteristics. Many experimental and theoretical works have been done in this field
[12-17]. These studies show that the characteristics of the PNJ depend on the radius and refractive
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index of the microsphere or microcylinder and the wavelength of incident electromagnetic waves.
Ferrand et al. [12] using a fast scanning confocal microscope system, reported experimental
observation of PNJ produced by single latex microspheres (with refractive index 1.6 and diameters
1-5 pum) illuminated by a 520 nm wavelength plane wave. Kong et al. used the three-dimensional
finite difference time domain (FDTD) method to demonstrate that a graded-index dielectric
microsphere can generate longer PNJ than a homogeneous microsphere [13]. Soh et al. reported that
the full width at half maximum (FWHM) and length of the PNJ can be tuned by varying the
temperature of the vanadium oxide which is coated on one side of a glass microsphere and
illuminated with incident 800 nm wavelength light [15]. They also optimized the thicknesses of the
vanadium oxide coated layer, the microsphere diameter, and its refractive index to achieve the best
performance.

Liu et al. investigated the properties of PNJ generated by a two-layer dielectric hemisphere [14].
They have shown that the PNJ produced with the two-layer dielectric hemisphere has superior
performance in the jet length and the focal distance compared to that of the homogeneous
hemisphere. The authors of reference [16], numerically studied the PNJ produced with
biocompatible hydrogel core-shell microspheres with different refractive indexes. They found that
the presence of the shell layer can significantly affect the parameters of the PNJ. They claimed that
their tunable PNJ produced from the biocompatible hydrogel core-shell microspheres could be
useful in future biosensing applications. Yang et al. [17] investigated the generation of PNJ by
various metallic-coated dielectric microcylinders through the finite difference time domain method.
The intensity of PNJ can be tuned by varying the thickness of the metallic coating layer.

Various incident wave characteristics such as wavefront type and its polarization, have been
proposed as another way to manipulate PNJ properties. Yousefi et al. [18] reported the generation of
PNJ under converging and diverging beams. The PNJ properties, including the focal length and the
full width at half maximum, were studied by changing the source curvature. Li et al. [19] explored
the manipulation of PNJ through axial illumination of cylindrical dielectric particles with radially
and azimuthally polarized cylindrical vector beams. Chen et al. [20]investigated the effect of
polarization and the incident wave amplitude profile on the PNJ properties generated with
illuminated dielectric microspheres with light waves. PNJ can be formed suitable for specific
applications by designing the polarization and amplitude profile of the incident light. Uenohara et
al. [21] have studied controlling the PNJ intensity by adjusting the intensity distribution of two
incident Gaussian and radially polarized laser beams. They demonstrated that a large and small PNJ
beam diameter could be obtained by a Gaussian and a radially polarized beam, respectively.

Adjusting the porosity of porous material can be the basis for generating materials with tunable
optical properties [22,23]. Fabrication of porous materials is possible empirically in three classes:
micropores, mesopores, and macropores materials [24]. Microlithography and colloidal self-
assembly are different porous material fabrication techniques [25]. Porous silica is an ideal tunable
refractive index material. Numerous porous silica substrates can be selected according to the
application field. Porous silica production through colloidal crystallization was introduced by Velev
et al. [26]. Huang et al. recently prepared porous silica using plant-derived silica sources and self-
assembled lignin templates [27]. In this paper, considering the possibility of production material
with an adjustable refractive index with a porous material a PNJ with tunable properties in the
visible region has been studied using porous silica core-shell microcylinder. The boundary value
problem was employed to calculate electromagnetic wave scattering from dielectric microcylinders.
The simulation results showed that high-performance PNJ can be achieved by tuning the porosity of
silica for optimum value.
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Theoretical background

Figure 1 illustrates the PNJ schema generated by a linear polarized plane electromagnetic wave
incident on a porous silica core-shell microcylinder. The dielectric microcylinder core (with
diameters D=5 and 6 pm) contains cylindrical pores with various porosity (P) from 0 to 0.75. The
shell of the cylinder (with thicknesses d= 0.25, 0.50, 0.75, and 1.00 um) is made of fused silica. The
incident electromagnetic wave is TE or TM polarized light with a wavelength A =

632.8 nm propagating in the x-axis direction.

Focal length f, length of photonic nanojet L, energy enhancement or relative intensity, and full
width at half maximum (FWHM) are the four main parameters studied in this research. These
characteristics are depicted in Figure 1. The focal length f is measured from the shadow surface of
the microcylinder to the point of maximum intensity on the axis of PNJ. The peak intensity of a PNJ
is commonly expressed in terms of the relative intensity at the maxima in the axial intensity
distribution of the PNJ. Peak intensity denotes the intensity enhancement of the incident field due to
the localization of the field in the PNJ beam. The length of a PNJ is defined as the distance from the
start point of the PNJ formation until its end. The PNJ waist is denoted by the full width at half
maximum (FWHM) of the transverse intensity profile measured at the focal point.

Fig 1. Linear polarized light incidence on silica core-shell cylinder and photonic nanojet
characteristics.

The boundary value method [28] is used in this paper to solve the scattering of electromagnetic
waves by core-shell dielectric microcylinder. In this method, the continuity of tangential
components of the electric and magnetic fields of the electromagnetic waves is considered at the
boundaries.

The vector wave equations in a homogeneous medium can be taken as follows for the time
dependency of the electromagnetic plane wave as (E, H ~ exp(— iwt)) [29].

A’E— + kPE— =0
A’H— +k?H—=0 (1)
Where, E and H are the electric and magnetic field components of electromagnetic waves,

e dik |¥|5j_

: k; _ : : .
respectively, and ) 4 is the wave number in each region. Here there are three regions:
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surrounding medium (air), shell (fused silica), and core (porous silica). The electric permittivity of
air and fused silica at the wavelength 632.8 nm are 1 and 2.123 [30], respectively. The effective
permittivity of porous silica must be considered for the core of the dielectric microcylinder. Brandt
et al. [22] described the optical properties of dielectric materials with cylindrical pores via Maxwell
Garnett [31] and the Bruggeman [32] effective medium models. Their experimental results with
macroporous and mesoporous silicon agree very well with the Maxwell-Garnett model. So, in this
study, we employed the Maxwell-Garnett model to calculate the effective permittivity of porous
silica. The effective permittivity of air-silica composite with the porosity percentage filling by air
(P) can be written as [33]:

E _ AQPSQ .rl I—P Sz (?)
ff AoP+A5(1—P)

Where &4 and &s are the electric permittivity of air and fused silica, respectively. In the TM
polarized (electric field along cylinder axis) case the field enhancement factors are equal to one (Aq
= As = 1) [34]. So, equation (2) becomes as follows for TM polarization.

geffrM = Pea+ (1 — P)és 3)

In the case of the electric field perpendicular to the cylinder axis (TE polarization), the field
enhancement factors are Aq = 2¢s/(ea + €s) and As = 1 [34]. The effective electric permittivity for
this polarization is denoted by equation (4).

£ = £ [1-P)ss+(1+P)sg (4)
effTE S (14P)ss+(1-P)sa

The reference [28] method was employed to solve equations (1). Matching conditions at each
boundary surface were applied. The electric and magnetic field components of electromagnetic
waves are obtained for the incident, scattering, and total waves in all three regions. Using a
MATLAB software package [35] homemade code for this paper's conditions was implemented. The
obtained simulation results are presented and discussed in the next section.

Results and discussion

Figure 2 represents the relative intensity distribution at the x-y plane for TM polarized light incident
on a core-shell porous silica cylinder with core diameter D=6 um, and shell thicknesses d=0.5 pm.
The formation of PNJ and the variation of its characteristics with the change of porosity is obvious
from this figure. The scattered and incident wave interactions lead to the confinement of
electromagnetic energy in the shadow side of the microcylinder. With increasing the porosity, the
length of the PNJ and the focal length increase, but the relative energy decreases. The longer PNJs
often have weak local confinement and poor peak intensity [36].
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Fig 2. Relative intensity distribution at x-y plane for TM polarized light incidence (D=6 pum, d=0.5
Hm)

The curves of relative intensity along the x-axis for TM polarized light incident are presented in
Figure 3. The porosity has varied as a parameter in this figure. As shown in Figure 3, the intensities
of the peaks decrease with increasing porosity, but the positions of the peaks are elongated.
Maximum relative intensity achieved to 15.414 at focal length f= 0.963 um, for fused silica case
(P=0). With increasing porosity to P=0.75, relative intensity decreases to 4.071 and focal length
increases to f= 11.550 um. In the 0.75 porosity case, there are two focal points which we here
restrict ourselves to the far focal spot. Because this one is more obvious than the near focal spot.
Actually, by increasing porosity from 0 to 0.75 relative intensity reduces almost threefold, and focal
length increases nearly twelve times. The elongated focal length of PNJ can be appropriate for near-
field focusing applications such as size detection of a single nanoparticle [3,37].
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Fig 3. Relative intensity along the x-axis for TM polarized light incidence (D=6 pm, d=0.5 pm)
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The transverse relative intensity distribution along the y-axis at the focal spot for various porosities
is shown in Figure 4 at the TM polarized light incidence. The FWHM of photonic nanojet increases
with increasing porosity. Subsequently, for porosity 0.00, 0.25, 0.50, and 0.75 the values of FWHM
are 350.0, 437.5, 612.5, and 1225.0 nm, respectively. With increasing porosity, the effective
refractive index of the porous core-shell microcylinder decreases according to Equation 3. As a
result, the refractive index contrast between the microcylinder and its surrounding medium
decreases. Therefore, the FWHM of PNJ increases with porosity.
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Fig 4. Relative intensity distribution along the y-axis at the focal spot for TM polarized light
incidence (D=6 pm, d=0.50 pum)

Variations of the four main parameters of PNJ for various porosity and shell thicknesses are
depicted in Figure 5. At fixed shell thicknesses focal length, length of PNJ, and FWHM are
increased, and maximum relative intensity is decreased by increasing porosity. The largest focal
length, 11.55 um achieved for 0.50 um shell thickness at 0.75 porosity. The longest PNJ (18.75 um)
is obtained for 0.75 um shell thickness at 0.75 porosity. The narrowest PNJ is formed by the pure
silica microcylinder with FWHM near 300 nm (almost equal to one-half of the incident
wavelength). This finding agrees with the results of [38] for dielectric core-gold shell microcylinder
and plane wave incidence on microsphere dielectric [20].
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Fig 5. Main parameters of PNJ for TM polarized light incidence (D=6 pum)
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The relative intensity distribution at the x-y plane for TE polarized light incidence is depicted in
Figure 6. The peak intensity of PNJ decreases and the focal length of it is elongated with increasing
porosity. The relative intensities of PNJ in Figure 5 are less than in Figure 2. As the refractive index
contrast between the dielectric and surrounding medium in PNJ decreases, the maximum relative
intensity at the focal spot decreases [36]. According to equations 3 and 4, the reduction of refractive
index contrast between the porous core-shell microcylinder and its surrounding medium (air) for the
TE case is less than for TM polarized light with increasing porosity.
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Fig 6. Relative intensity distribution at x-y plane for TE polarized light incidence (D=6 pum, d=0.5
Hm)
A comparison of TE and TM polarizations for the main parameters of PNJ is depicted in Figure

7. Variations of PNJ focal length for TE and TM polarized light at various shell thicknesses and
porosity are shown in Figure 7a. At fixed shell thicknesses, the focal length of PNJ is increased by
increasing porosity for TM polarization mode. A great focal length increase is observed at

0.50 pm shell thicknesses and 0.75 porosity. In all shell thicknesses and porosity, the focal length
for TE polarized light is larger or equal to TM mode except d= 0.50 um and P=0.75 case. For TE
polarization, at 0.25 pm shell thickness, the focal length of PNJ is regularly increased by increasing
porosity. Meanwhile, at other shell thicknesses (0.5, 0.75, and 1.00 um), the PNJ focal length is
increased until P=0.50 and then is decreased for porosity 0.75.

The length of PNJ has a behavior that is the same as that of focal length, with one exception at

porosity 0.75. So according to Figure 7b at porosity 0.75 and all shell thicknesses, the length of PNJ
by TM polarization is larger than TE.

As shown in Figure 7c, at fixed shell thicknesses by increasing porosity, relative intensity is
decreased for both TE and TM polarizations. Also, at a fixed porosity with increasing shell
thicknesses, the relative intensity of PNJ at the focal point decreases. In all shell thicknesses and
porosities, the maximum relative intensity at the focal spot for TE polarization is smaller than TM
polarization. This behavior can be related to how the refractive index contrast between the
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microcylinder and its surroundings area changes with porosity. By comparing Figures 2 and 5, the
same result was obtained too.

As shown in Figure 7d, FWHM of formed PNJ by TE or TM polarized light is increased by
increasing porosity at all shell thicknesses. At shell thickness 0.25 pm for pure silica microcylinder,
the narrowest PNJ is achieved that FWHM of it is almost one-half of the incident wavelength.
However, the relative intensity of PNJ is less in this situation, so, to reach higher intensities must be
used porous silica cylinder. With tuning shell thicknesses and porosity of the core in the proposed
PNJ structure can be obtained proper characteristic of PNJ for specific appllcatlons
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Fig 7. Comparing TE and TM polarizations a) Focal length, b) Length of PNJ, ¢) Relative Intensity,
d) FWHM of PNJ (D=6 pm)

To investigate the core diameter effect on the main PNJ parameters, simulations were done for PNJ
with a 5 um core diameter. Figure 8 shows the relative intensity distribution of PNJ at the x- y plane
by TM polarized light incidence in four different porosity and fixed 0.50 um shell thicknesses.
Change of porosity same as Figures 2 and 6 has an effective impact on the parameters of PNJ.
Figure 8 shows that large focal length, elongated length of PNJ, and broader FWHM by low
intensity are achieved for higher porosity.
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Fig 8. Relative intensity distribution at x-y plane for TM polarized light incidence (D=5 pum, d=0.5
Hm)
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Variations of the relative intensity along the x-axis for TM polarized light incident on a 5 pm
diameter core — 0.50 um shell thicknesses porous silica microcylinder is shown in Figure 9. The
relative intensity of the peaks decreases with increasing porosity and the position of these peaks is
further away from the shadow edge of the microcylinder. By comparison with Figure 3, it is
obvious that with a 5 um core diameter microcylinder the relative intensity enhancement is less than
from a 6 um diameter microcylinder. There are two focal points in the 0.75 porosity case. The far
focal spot has a relative intensity more than the other.
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Fig 9. Relative intensity along the x-axis for TM polarized light incidence (D=5 pm, d=0.5 um) A
comparison of four main PNJ parameters for 5 and 6 um diameter core-shell microcylinder is
depicted in Figure 10. It is clear from Figure 10a that the focal length for the 6 um diameter is

slightly larger than the 5 um diameter case at all porosities. According to Figure 10b, the length of
PNJ formed by the microcylinder with core diameters of 5 and 6 um is not much different. Figure
10c shows that the relative intensity at the focal point for 6 um diameter PNJ is larger than 5 um
diameter at all porosity. FWHM is narrower for 5 pum diameter PNJ until 0.50 porosity, after this
value of porosity both 5 and 6 pum diameter PNJs have the same beam waist (see Figure 10d).
Therefore, the narrowest PNJ is achievable with small porosities and diameters of dielectric
microcylinder.
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Fig 10. Four main PNJ parameters for 5 and 6 um diameter a) Focal length, b) Length of PNJ, ¢)
Relative intensity, d) FWHM at TM polarized incidence (d=0.50 pm)

50 | INNOVATIVE: INTERNATIONAL MULTI-DISCIPLINARY JOURNAL OF APPLIED TECHNOLOGY  www.multijournals.org



Conclusion

A silica core-shell microcylinder photonic nanojet with cylindrical pores is theoretically
investigated. The core of the microcylinder is formed from porous silica that is filled by air. The
shell of the microcylinder is made of fused silica. The electromagnetic wave with TE or TM
polarization normally radiates on the silica core-shell microcylinder. Four main PNJ parameters i.e.,
focal length, length of PNJ, relative intensity, and FWHM were studied. The boundary value
method was employed to calculate the redistribution of electromagnetic wave intensity scattered
from silica core-shell microcylinder. The porosity of cylinder pores, core diameter, shell
thicknesses, and type of incident light polarization have a significant impact on the main parameters
of photonic nanojet.

The simulation results show that with increasing the porosity, focal length, the PNJ length and
FWHM are increased at fixed shell thicknesses. However, relative intensity at the focal point is
decreased by increasing porosity. The focal length for TE polarized light is larger or equal to the
TM polarization case in many structural conditions. Furthermore, core-shell microcylinders with
large diameters have high relative intensity at the focal point. Also, the narrower PNJ is achieved
with a small diameter and less porosity. The appropriate photonic nanojet for particular applications
is accessible by tuning the geometrical (core diameter and shell thicknesses) and physical (porosity)
parameters of the porous silica core-shell microcylinder.
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